protein-lipid interactions in membranes. They do not, however, explain as such the self-limiting character of the coagulation process. The natural coagulation-inhibiting processes account for this property. These processes come in many varieties, ranging from simple substrate exhaustion to specific coagulation-factor-inactivating proteins (e.g. antithrombin 3).
have been reported (Mann eta!., 1971a,b; Seegers et ul., 1971) which either have a higher molecular weight or more N-and C-terminal residues, indicating that activation of prothrombin involves several steps. Several factors, such as the unique structural features mentioned above, the possible existence of an extensive array of subsites and the possibility that the binding of substrate induces major conformational changes, may contribute to the eventual explanation of the high degree of specificity that thrombin displays towards its natural substrate, fibrinogen. Some evidence has been adduced which throws light on this problem. Removal of some of the carbohydrate moiety did not decrease the clotting activity (Skaug & Christensen, 1971) . With a fragment of the A chain of fibrinogen containing the first 51 amino acids, thrombin cleaved not only the Arg-16-Gly-17 peptide bond which is the normal site of attack, but also the Arg-19-Val-20 bond (Blomback et ul., 1972) . This suggests that the specificity of thrombin towards fibrinogen is partly due to the structure of the substrate. With other polypeptides as substrates, thrombin apparently behaved inconsistently. An Arg-Val bond was cleaved in cholecystokinin-pancreozymin while Lys-Asn, Arg-Ile, Arg-Asp and the N-terminal Lys-Ala bonds survived (Mutt & Jorpes, 1968) . In contrast, an Arg-Asp bond in secretin was cleaved by thrombin, whereas three Arg-Leu bonds were resistant (Mutt et al., 1965) .
Much less is known about the specificity of bovine Factor Xu. The identity of Factor Xu, autoprothrombin C, thrombokinase and intermediate Product I has been mooted (Spaet, 1964; Seegers et ul., 1966) and disputed (Radcliffe &Barton, 1972) . Thenumber of chains in the Factor X u molecule and its molecular weight appear to depend on the methods used for the isolation and activation of Factor X (Jackson & Hanahan, 1968; Jackson, 1972; Mattock & Esnouf, 1973) . Like thrombin, Factor X u is reported to contain a carbohydrate moiety (Fujikawa et ul., 1972) . Perhaps most important is the accumulating evidence that Factor Xu is a 'serine protease' with regions of its primary structure that are homologous with trypsin and thrombin (Leveson & Esnouf, 1969; Titani et al., 1972) . It is notable that Factor Xu is inhibited by di-isopropyl phosphorofluoridate and phenylmethanesulphonyl fluoride but not by 7-amino-l-chloro-3-toluene-p-sulphonamidoheptan-2-one or 1 -chloro-4-phenyl-3-toluene-p-sulphonamidobutan-2-one (Leveson & Esnouf, 1969; Seegers et ul., 1969; Fujikawa et ul., 1972) . The action of Factor Xu on its natural substrate, prothrombin, is less clearly defined than the action of thrombin on fibrinogen. Thus the mechanism of the activation of the action of Factor Xu on prothrombin by the cofactors, Factor V and phospholipid, is not well understood. Additionally, as indicated above, the activation of prothrombin probably proceeds through several stages.
We have undertaken a substantial programme of work to compare the kinetics and specificity of trypsin, thrombin and Factor Xu towards small synthetic substrates and large polypeptides. Bovine thrombin and Factor Xu were respectively prepared by the methods of Magnusson (1965a,b) and Esnouf et ul. (1973) . Direct comparison of ko values was made possible by the use of 4-methylumbelliferyl p-guanidinobenzoate as a spectrofluorimetric titrant for all three enzymes (Jameson et ul., 1973) . This reagent enabled us to determine the operational molarity of enzyme solutions when as little as 20pmol of enzyme was present. The titrant itself revealed some interesting differences in the ease of acylation of the enzymes. j3-Trypsin reacted very much faster than thrombin which in turn reacted faster than Factor Xu. The second-order rate constant for the reaction with trypsin was at least 20000 times greater than that for Factor Xu. Thrombin was somewhat unusual in that some turnover was observed, but this was not sufficiently rapid to vitiate the use of the titrant.
As judged by the values of specificity constants (ko/K,), @-trypsin does not discriminate appreciably between derivatives of arginine and lysine. The ratio of the specificity constants for the hydrolysis of a-N-benzoyl-L-arginine ethyl ester and a-N-benzoyl-L-lysine methyl ester by #I-trypsin is 4.4. The corresponding ratios for the reactions catalysed by thrombin and Factor Xu are 43.5 and 334 respectively. On this basis, Factor Xu is fairly specific for the hydrolysis of arginyl peptide bonds. The same increasing order of specificity was displayed when the length of the sidechain of the substrate was increased. a-N-Toluene-p-sulphonyl-L-homoarginine methyl ester proved to be a moderate substrate for 8-trypsin although the specificity constant was nearly lo00 times lower than for the hydrolysis of a-N-toluene-p-sulphonyl-L-arginine methyl ester. The same substrate was hydrolysed very slowly indeed by thrombin and not at all by Factor Xu. In contrast, when the side chain of the substrate was shortened by one -CH2-group, the specificity constant was decreased by 120-170 relative to that of the arginine derivative for each enzyme. Derivatives of S-(2-aminoethyl)-~-cysteine (thialysine) were also examined as substrates. S-(2-Aminoethyl)-N-toluene-p-sulphonyl-~-cysteine methyl ester was hydrolysed by 8-trypsin and thrombin and the specificity constants were only 5 times lower than the corresponding values for the isosteric a-N-toluene-p-sulphonyl-L-lysine methyl ester. Not surprisingly, esters of S-(2-aminoethyl)-N-toluene-psulphonyl-L-cysteine were resistant to Factor Xu. Again, the use of longer side chains distinguished between 8-trypsin and thrombin. S-(3-Aminopropyl)-N-toluene-psulphonyl-L-cysteine methyl ester and S-(4-aminobutyl)-N-toluene-p-sulphonyl-~-cysteine methyl ester were substrates for fl-trypsin but the hydrolysis of the first ester was only just measurable with thrombin. It appears that the binding sites of thrombin and more especially Factor X u have much less flexibility than is the case with /3-trypsin. a-N-Acetyl-L-arginine methyl ester proved to be a much better substrate than either the corresponding a-N-benzoyl or a-N-toluene-p-sulphonyl derivatives for Factor X u and this suggests that, in a polypeptide, the residue preceding arginine should not be aromatic if hydrolysis is to occur. Kinetic measurements in the presence of a competing nucleophile (Berezin el uf., 1971) indicated that acylation is largely rate-determining for the hydrolysis by Factor X u of most substrates so far examined. In contrast, there are several instances where deacylation is probably rate-determining in trypsin-catalysed reactions. Thrombin mostly appears to resemble Factor Xa in this respect and this may partly explain the relatively low specificity constants found for reactions catalysed by these enzymes. Thrombin and Factor X u share another property that is much less evident with trypsin. The rate of hydrolysis of some substrates by thrombin or thrombokinase is affected by salts (Roberts & Burkat, 1968; Roberts, 1970) . We found that kinetic constants for reactions catalysed by thrombin and Factor Xu depend on the cation, but not the anion. The detailed behaviour is quite complex. For example, Na+ inhibits the hydrolysis of a-N-toluene-p-sulphonyl-L-arginine methyl ester but accelerates the hydrolysis of the corresponding derivative of L-lysine by thrombin. Both ko and K,,, are dependent on the nature of the cation and the ionic strength. In the case of Factor Xu, we were able to show that the acylation of the enzyme by 4-methylumbelliferyl p-guanidinobenzoate was markedly inhibited by Li+. Since acylation is more likely to be rate-determining with thrombin and Factor X u than with 8-trypsin, inhibition of this step may partly explain the kinetic dependence of the first two enzymes on ionic strength.
Several proteins have been examined as substrates for thrombin and Factor Xu.
As expected, these enzymes cleaved far fewer bonds than trypsin. Thrombin appeared to hydrolyse thialysyl peptide bonds amongst others in reduced, aminoethylated lysozyme. With performate-oxidized bovine pancreatic ribonuclease, thrombin cleaved the Lys-31-Ser-32 and Lys-37-Asp-38 bonds, but the remaining eight lysyl and four arginyl bonds survived. Factor Xu had no action on this protein. With maleylated sperm whale apomyoglobin, both thrombin and Factor X u hydrolysed the Arg-3 1-Leu-32 bond. Maleylated and performate-oxidized bovine chymotrypsinogen A was hydrolysed at the Arg-230-Val-231 bond (Hartley's numbering scheme) by both enzymes. Factor Xu additionally cleaved the Arg-15-Ile-16 bond. This bond was reported to be hydrolysed in chymotrypsinogen by thrombin (Engel & Alexander, 1966 ) and thrombokinase (Milstone & Milstone, 1964) . Thrombin and Factor Xu also operated at different sites when maleylated performate-oxidized trypsinogen was the substrate. The former enzyme cleaved the Arg-65A-Leu-66 bond (Hartley's numbering scheme) and the latter slowly hydrolysed the Arg-117-Val-118 bond. Clearly, much remains to be done before the specificities of thrombin and Factor X u can be defined, but it appears that arginine should not be preceded or followed by an aromatic amino acid if hydro-
